We have demonstrated high-peak-power generation at 1 kW average power by applying an acousto-optic Q switch to a quasi-cw diode-pumped Nd:YAG master oscillator power amplifier. We achieved a maximum peak power of 2.3 MW by driving the Q switch in burst mode. The average repetition rate was 6 kHz. The corresponding beam quality was M 2 ϭ 9.
Introduction
High-average-power, high-beam-quality solid-state lasers are of great interest in various industrial and scientific applications. Nd:YAG is more than promising, as it is so highly utilized in so many systems. However, the strong thermo-optic distortions and polarization-dependent lensing of Nd:YAG rods often limit the output power and the beam quality. With respect to a rod geometry medium, applying a uniform pumping distribution to polarization-rotation compensation is a way to overcome the power limitation. 1 We have already developed highly efficient quasi-cw (QCW) diode-pumping modules for uniform pumping. 2 By introducing bifocusing compensation resonators into these two pump modules, we achieved an average output power of 500 W with the best beam quality, M 2 ϭ 4. 3 Here we extend our previous highaverage-power laser design to high-peak-power operation with good optical quality. Our goal is to develop a laser for high-throughput precision material processing. We also see value in such a system for nonlinear processes such as generation of highaverage-power short-wavelength light as well as for Ti:sapphire pump sources in chirped-pulseamplification systems. To convert our QCW laser to pulsed mode, we must Q switch it. During recent years a passive Q-switch technique has been used for pulse generation. An almost diffraction-limited beam was obtained at kilowatt levels of peak power. 4, 5 However, passive Q-switch materials such as Cr 4ϩ :YAG absorb a considerable amount of the 1064 nm power; therefore it is difficult to apply this technology to high-average-power lasers over several hundred watts. Kiriyama et al. achieved 362 W average power with more than 10 MW peak power at a 1 kHz repetition rate with a Nd:YAG wavelength of 1064 nm for frequency conversion and Ti:sapphire chirped-pulse amplifier pumping. 6 However, to maintain beam quality and enhance output power by multipass amplification in a slab geometry medium, the system must be complex and large. Here we report high-peak, high-quality beam generation at 1 kW average power by a compact system that applies an acousto-optic (AO) Q switch to a master oscillator power amplifier (MOPA). Figure 1 shows a schematic drawing of one pump module. Each pump module contained six QCW diode stacks (16-layered SDL-3244-MB; 960 W of total pump power per stack). The dimensions of the diode stack were 20 and 10 mm for the fast and slow axes, respectively. The fast axes of the diode stacks are arranged parallel to the rod axis. Therefore the pump beams are incident upon a Nd:YAG rod (diameter, 6 mm; length, 83 mm; doping concentration, 0.6 at. %) in p polarization that enhances the transmittance at the rod surface and leads to high pump efficiency. The pump beams from the diode stacks are coupled into the diffusive reflector by slow axis compression by use of wedge lenses. The transfer efficiency of a wedge lens was measured to be more than 95%. The compression ratio of the wedge lens in the slow-axis direction was designed to be 1:8, which allowed the pump beam from the large emitting area of the diode stacks to be coupled into the narrow slit in the diffusive reflector. The pump light is confined within a close-coupled diffusive reflector and is multipassed through the laser medium. The dimension of the diffusive reflector was designed based on Monte Carlo calculation of the pump distribution, such that the absorptive efficiency of the pump light must be more than 80% and pump uniformity must be maintained. Consequently, the uniform pump distribution that is required for stable high-brightness laser operation 1 is achieved. This pump module could produce output power of 320 W in low-brightness, 10% duty-cycle pulsed operation. The corresponding optical-to-optical efficiency was 53%. 2 
Pump Module

Resonator Configuration
We examined the high-peak and high-quality beam generation by using QCW laser diode (LD)-pumped modules. Figure 2 shows the experimental setup. Formations of both the oscillator and the amplifier consisted of a 90°polarization rotator placed between two uniformly pumped Nd:YAG rods. The thermal bifocusing of the Nd:YAG rod for the two polarization beams (radial and tangential direction) was canceled out by rotation of the polarization between the two rods. Thermal-lensing uniformity in the rod's cross section achieved effective bifocusing compensation. The pump modules of the oscillator were positioned between two flat mirrors (a full reflector and a 30% partial reflector) separated by 1026 mm. To enhance the output power and maintain good beam quality we employed coupling of two identical bifocusingcompensation formations with a MOPA configuration. The distance between the partial reflector (the laser outlet of the oscillator) and the Nd:YAG rod input face of a dual-head single-pass amplifier was 410 mm. For high-peak-pulse generation, an AO Q switch was placed in the oscillator. The Q switch was operated in burst mode, as shown in Fig. 3 . The operating conditions of the QCW LD were a 400 s pump duration and a 250 Hz repetition rate. The Q-switching rate was 60-100 kHz. As the pump duty was 10%, the average repetition rate was 6-10 kHz.
Experimental Results
We obtained the oscillator characteristics of the MOPA configuration. Figure 4 shows the average oscillator output power of a burst mode compared with that of QCW operation (without Q switching) as a function of LD power. The power reduction ratio of the burst mode to QCW operation was less than 20%. The maximum pulse energy of 73 mJ was generated at a Q-switching rate of 60 kHz and a LD power of 1180 W. Figure 5 shows pulse waveforms from the oscillator at a 60 kHz Q-switching rate. All pulse waveforms are typical Q-switched pulse waveforms. The peak power at the LD power of 1180 W was greater than 1 MW. The corresponding pulse width was 50 ns (FWHM).
We next demonstrated the characteristics of the full MOPA configuration. The laser beam's diameter at the ends of the amplifier modules was 5.7 mm. Figure 6 shows the average output power of burstmode compared with QCW operation (without Q switching) as a function of LD power. The operating conditions of the QCW LD were a 400 s pump duration and a 250 Hz repetition rate. The Q-switching rate was 60-100 kHz. As the pump duty was 10%, the average repetition rate was 6-10 kHz. The maximum average output power of 1000 W was obtained at a Q-switching rate of 60-100 kHz. The corresponding LD power was 2290 W. The optical-to-optical and the electrical-to-optical efficiencies were 43% and 22%, respectively. The beam quality factor at the 1000 W average power output was M 2 ϭ 9. The maximum pulse energy of 170 mJ was achieved at a Q-switching rate of 60 kHz and a LD power of 2290 W. The small-signal gain of the amplifier was 1.00 cm Ϫ1 at the end of the pump pulse. The extraction efficiency calculated in a cw manner was 61%. Figure 7 shows pulse waveforms at the maximum pulse energy before and after the amplifier. The Q-switching rate was 60 kHz. The LD power of the oscillator was 1180 W, and that of the amplifier was 1110 W. The corresponding pulse width was 60 ns (FWHM). The maximum peak power after the amplifier was 2.3 MW. Table 1 lists similar results for Q-switched Nd:YAG lasers compared with our results. 
Conclusions
In conclusion, we have demonstrated high-peak, high-quality beam generation at 1 kW average power by applying an acousto-optic Q switch to a MOPA configuration. A maximum peak power of 2.3 MW was achieved, which is, to our knowledge, the highest peak power for a kilowatt-level average power LDpumped solid-state laser. The corresponding beam quality was M 2 ϭ 9 when we applied coupling of bifocusing compensation formations. This result indicates that the combination of an AO Q switch and a MOPA configuration is an attractive design for a high-peak, high-beam-quality, high-average-power beam generation compact system.
